Hydrogen ion implantation is conventionally used to initiate the transfer of Si thin layers onto Si wafers coated with thermal oxide. In this work, we studied the feasibility of using plasma hydrogenation to replace high dose H implantation for layer transfer. Boron ion implantation was used to introduce H-trapping centers into Si wafers to illustrate the idea. Instead of the widely recognized interactions between boron and hydrogen atoms, this study showed that lattice damage, i.e., dangling bonds, traps H atoms and can lead to surface blistering during hydrogenation or upon postannealing at higher temperature. The B implantation and subsequent processes control the uniformity of H trapping and the trap depths. While the trap centers were introduced by B implantation in this study, there are many other means to do the same without implantation. Our results suggest an innovative way to achieve high quality transfer of Si layers without H implantation at high energies and high doses.
In recent years, an innovative approach for layer transfers, commonly known as ion-cut or smart-cut®, has attracted much attention. 1 This process is based on high dose ͑typically 5 ϫ 10 16 cm −2 ͒ hydrogen ion implantation and wafer bonding technologies. The crystalline quality of the transferred layer often suffers from hydrogen implantation damage, especially when very low implant energy is required for ultrathin layer transfers.
2 Furthermore, the use of high dose hydrogen implantation results in process inefficiency and high cost. 3, 4 To improve the technology, preliminary investigations of the use of plasma hydrogenation to replace H implantation have been reported. 5, 6 However, the physical mechanisms of the hydrogenation process for layer transfers have yet to be elucidated to date.
Our objective was to investigate the feasibility of using plasma hydrogenation for Si layer transfer and to examine the H-trapping mechanisms under various processing conditions. N-type Ͻ111Ͼ Si wafers with a resistivity of 2-5 ⍀ cm were used. Boron was implanted at room temperature with an energy of 80 keV and at three different doses of 1 ϫ 10 14 , 1ϫ 10 15 , and 5 ϫ 10 15 cm −2 , respectively. For each implant, part of the wafer was kept in the as-implanted state and the other part was electrically activated by annealing in vacuum ͑ϳ3 ϫ 10 −6 Torr͒ at 900°C for 15 min. The Ͻ111Ͼ orientation was selected here since hydrogen platelets prefer to form on the Si Ͻ111Ͼ planes under hydrogenation. 7 Plasma hydrogenation was done in a plasma ion immersion implantation equipment using a rf plasma source. 8, 9 The sample holder was negatively biased with a voltage of 500 V and kept at about 280 or 350°C during hydrogenation for different time. Optical microscopy using Nomarski lenses was used to detect bubble formation on the sample surface after hydrogenation. The microscopic results were all based on observation at three different regions of the sample. Rutherford backscattering spectrometry in the channeling mode ͑RBS/C͒, elastic recoil detection ͑ERD͒, and cross-sectional transmission electron microscopy ͑XTEM͒ were used to characterize the samples before and after hydrogenation.
Nucleation of microbubbles is essential for thermal exfoliation of surface layers. Observation of surface blistering is a convenient way to gain insight into the mechanism of hydrogen-induced layer exfoliation. Samples implanted with boron with doses of 1 ϫ 10 15 Table I . It should be pointed out that different hydrogenation time is required to cause surface blistering at different hydrogenation temperature, which is shown as onset time in Table  I . A higher temperature naturally results in a shorter onset time and a higher boron implant dose leads to shorter time at the same hydrogenation temperature. It is also noted that for the same hydrogenation time, activation of boron before hydrogenation can enhance surface blistering, especially for the high dose sample. Figure 1 shows the ion channeling results acquired from the boron implanted samples before hydrogenation, Nos. 2, 2a, 3, and 3a as described in Table I . For the as-implanted sample with a medium B dose of 1 ϫ 10 15 cm −2 , a broad damage region ͑between channels 330 and 375͒ was observed. This broad damage peak is more prominent in the high B dose ͑5 ϫ 10 15 cm −2 ͒ sample. After activation, the implant damage was generally annealed out in the near surface region, especially for the low and medium B dose samples. However, a significant increase in dechanneling occurred for the high dose sample around channel 340, indicating coalescence of the ion implantation damage in this sample. In this sample, the peak B concentration ͑ϳ1.9 ϫ 10 22 cm −3 ͒ located at the projected range R p ͑ϳ260 nm below the surface͒ exceeds the solid solubility of boron in silicon at 900°C ͑ϳ4.5ϫ 10 19 cm −3 ͒. 10 Not all B atoms can go into substitutional sites, leaving the nonsubstitutional atoms to form small boron clusters and other defects, which cause significant de-channeling in the channeling spectra. 11 The ERD spectra ͑not shown here͒ indicate that the amount of hydrogen trapped in the high B dose ͑5 ϫ 10 15 cm −2 ͒ samples with and without activation was almost equal. This result suggests that H trapping does not require substitutional or electrically activated B atoms. Simulation of the spectra with the computer code RUMP 12 reveals a Gaussian shaped H-concentration depth distribution peaking at a depth of about 230 nm and the integrated H dose amounts to 7 ϫ 10 15 cm −2 . Figures 2 and 3 show XTEM images obtained from samples after hydrogenation for 1.5 h at 350°C that have been preimplanted with 5 ϫ 10 15 cm −2 and 1 ϫ 10 15 cm −2 boron, respectively. For the as-implanted sample with a boron dose of 5 ϫ 10 15 cm −2 , considerable damage and microcracks can be seen in the near surface region extending into the substrate ͓see Fig. 2͑a͔͒ . Trapping of H can occur at the defects extending from the surface to the projected range of the B implant as H diffuses into the Si. For the activated high-dose B sample ͓Fig. 2͑b͔͒, both the TEM and the channeling data show a greatly enhanced coalescence of implant damage, resulting in a very defective region near R p . Long microcracks are observed, located at a well-fined depth slightly above the very defective region. For the sample implanted with a B dose of 1 ϫ 10 15 cm −2 , both the asimplanted ͓Fig. 3͑a͔͒ and activated ͓Fig. 3͑b͔͒ samples exhibit very few defects other than the long hydrogen microcracks located at a well-defined depth, parallel to the surface. For the lowest B-dose sample ͑1 ϫ 10 14 cm −2 ͒, a small amount of damage was observed by TEM and ion channeling before activation, and almost none after activation. No surface blistering or microcracks were observed in these samples after hydrogenation.
In order to replace H implantation with the hydrogenation process, the key issue is to enable hydrogen to diffuse into the substrate until the diffusing atoms get trapped at the desired depth for subsequent layer transfer. Therefore, it is critical to introduce trap sites at a well-defined depth, just below the desired depth for ion cutting, without deteriorating the crystalline quality of the layers above. The temperature for hydrogenation is also an important parameter. The structure of hydrogen-related defects created during hydrogenation is a strong function of hydrogenation temperature. 13, 14 At relatively low temperatures ͑e.g., Ͻ250°C͒, hydrogen platelets form in the near surface region, within 100 nm of the surface. However, platelet nucleation is suppressed at temperatures above 250°C. To avoid platelet nucleation in the near surface region, we set the hydrogenation temperature at around 350°C.
In the case of ion cutting, Höchbauer et al. 15 have shown that the ion-cut depth in Si is largely controlled by lattice damage induced by the hydrogen implantation. In the case of hydrogenation, the results show that the trap centers for the hydrogen atoms originate from lattice defects ͑e.g., dangling bonds͒ introduced by boron implantation. The boron implantation conditions and subsequent annealing processes thus control the uniformity of H trapping and the depths where H will be trapped. In the case of the medium dose boron implant ͑1 ϫ 10 15 cm −2 ͒, the sample retained good crystalline quality after implantation except in the near surface region. Upon hydrogenation, H atoms were able to diffuse into the Si and get trapped at the depth where the boron implantinduced defects reside, as observed for samples without activation. The diffusion and trapping of H lead to the formation of microcracks located at a well-defined depth. In this study, the medium B dose of 1 ϫ 10 15 cm −2 without activation appears to be an appropriate processing condition for hydrogenation, except for some damage in the very near surface region that may require certain surface processing before wafer bonding. It should be noted that activation of the B implant in this sample essentially led to the same results. In the as-implanted high B dose sample ͑5 ϫ 10 15 cm −2 ͒, H traps were generally present, extending from the near surface region to the projected range of the B implantation, causing microcracks to form throughout an extended depth region. In the activated high B dose sample, ion implantation damage was annealed out in the near-surface region accompanied by significant coalescence of implant damage located near the projected range, thus resulting in a uniform trap region for H atoms at a specific depth.
In summary, we have investigated the use of plasma hydrogenation for layer transfers. In the present study, hydrogen atoms introduced by plasma hydrogenation are found to be trapped by lattice damage ͑e.g., dangling bonds͒ induced by boron preimplantation. The trapped H atoms cause surface blistering. Boron implantation with a dose of 1 ϫ 10 15 cm −2 , with or without activation, can provide sufficient trap sites at a well-defined depth for trapping of hydrogen during hydrogenation. The preimplantation and subsequent annealing processes control the uniformity of H traps and the trapped depths. While the trap centers were introduced by B implantation in the present study, there are many other means to do the same without such implantation. Our study suggests a possible process of layer transfer, without the use of ion implantation of hydrogen or any other gaseous element, with potential applications for the formation of silicon-on-insulator and other related structures. 
